The Standards of Practice Committee of the American Sleep Disorders Association has supported the use of actigraphy in the assessment of sleep disorders. Pollak et al disagree. The objective of this paper is to identify and critically evaluate several theoretic and methodologic issues that are central to these divergent views regarding the valid use of actigraphy for sleep assessment. Design: Critical review, analysis, and comment. (2) Reasons why actigraphy should be held to a substantially higher empirical standard than common medical tests and the best psychological tests have yet to be advanced. (3) Differences between actigraphy and polysomnography are not random and can be reduced. (3a) Sleep onset is a gradual rather than a discrete process. Actigraphy keys on an earlier phase of the sleep-onset process than does polysomnography, resulting in systematic rather than random differences. (3b) A sleep switch device can be used to substantially increase the accuracy of sleep-onset times. (3c) The residual unreliability of polysomnographic data explains a portion of the differences between actigraphy and polysomnography. Actigraphy cannot be expected to agree more completely with polysomnography than polysomnography does with itself. (4) Complete agreement between actigraphy and polysomnography has been presumed, but achieving such a limit is theoretically impossible. Some lower maximum agreement limit should be identified. (5) Conclusions that actigraphy is not an accurate sleep-wake indicator and that it is inappropriate to infer sleep from actigraphy data are not supported by the findings. Conclusions reached, including caveats, by the Standards of Practice Committee remain supported.
INTRODUCTION

ACTIGRAPHY HAS BEEN USED TO STUDY SLEEP FOR AT LEAST THE PAST 30 YEARS, SINCE KUPFER ET AL 1 REPORTED SIGNIFICANT AND SUBSTANTIAL CORRELATIONS BETWEEN WRIST ACTIVITY AND ELECTROENCEPHALOGRAM (EEG)-MEASURED MOVEMENT AND WAKEFULNESS IN 1972.
Sufficient supportive data existed by 1995 to enable the Standards of Practice Committee of the American Sleep Disorders Association 2 to support the use of actigraphy in evaluating certain aspects of sleep disorders. Representing an opposing view, Pollak et al concluded that their data "… disqualify actigraphy as an accurate sleep-wake indicator" 3p957 and that "… it does not seem appropriate in 2001 to refer to inactivity defined by wrist actigraphy as "sleep" or to wrist activity as "wakefulness." 3p965 Were the conclusions of the Standards of Practice Committee of the American Sleep Disorders Association 2 premature, incorrect, or both premature and incorrect? Are the conclusions drawn by Pollak et al 3 fully supported by their data or do they go beyond their data? This article identifies and critically evaluates several theoretic and methodologic issues that are central to the controversy surrounding the use of actigraphy to assess sleep versus wakefulness.
CONCEPT AND DEFINITION OF SLEEP
Operational definitions define concepts in terms of the measurement procedures used to quantify them. However, the domain of the operational definition may not be exactly congruent with the conceptual domain of interest. For example, one can define intelligence as what an intelligence test measures, but no intelligence test adequately assesses all facets of intelligence. Several different intelligence tests exist, and they are highly intercorrelated, indicating the presence of a common factor, but this common factor is not coextensive with the concept of intelligence. The Wechsler scales for adults and children arguably constitute the industry standard for measuring intelligence, but they are not seen as complete or ideal measures of intelligence. Does this issue pertain to sleep? What is the conceptual domain of sleep? Is this conceptual domain completely measured by polysomnography (PSG)? Are we in complete agreement that sleep is, and only is, what PSG measures? Rechtschaffen and Kales 4 may have standardized terminology and techniques and provided a scoring system regarding human sleep, but did they also resolve the conceptual question as to the nature of sleep? If so, then how closely must a proxy sleep measure agree with PSG to be considered useful? Does the degree of agreement differ depending upon measurement purposes, ie, screening versus diagnosis? These questions are addressed below.
EMPIRICAL CONTEXT Testing
Perhaps the easiest question posed above concerns the degree of relationship that a test and its validating criterion must have in order to be considered useful in clinical and research contexts. Criterion validity is established when a test correlates significantly with an external criterion. 5 Criterion studies of actigraphic sleep-scoring validity have almost entirely been conducted against PSG. Construct validity is established when a test correlates significantly with another measure of the same phenomenon, 5 or when test scores bear a statistically significant relationship to other variables in a predicted way, or when test scores track therapeutic changes in the predicted way. The validity of psychological tests is no longer considered to be a fixed property of the test but a property of the application of a particular test to a particular objective in a particular context, including the specific participants tested. 5 Meyer et al 6 summarized the validity evidence from more than 125 meta-analyses covering over 800 data sets regarding the validity of psychological and medical tests. Table 1 presents validity coefficients for selected medical tests reported by Meyer et al, 6 representing both the least and most valid medical tests reported. The least valid medical procedure reported explains less than 2% of criterion variance, whereas the most valid medical procedure reported explains just over 70% of criterion variance. The best medical tests reported by Meyer et al 6 7 These correlations account for from 44% to 77% of the variance, leaving approximately 56% to 23% of the variance unaccounted for. Hence, 23% to 56% error characterizes some of the most valid psychological tests.
The maximum validity coefficients associated with personality testing stem from instances where a shorter version of a test is correlated with a longer version of the same test. The dominant view of personality structure is that it is composed of the following 5 factors: Neuroticism, Extraversion, Openness, Agreeableness, and Conscientiousness. The NEO-PI-R is the current gold standard for measuring these 5 factors. 8 The NEO-FFI is a short form of the NEO-PI-R. 8 selecting the subset of the 12 best items for each factor-those that correlated most positively or negatively with the same NEO-PI-R scales. Table 5 presents percent agreement between actigraphy and PSG measured sleep and wake. They ranged from 78.8% to 99.7% for sleep and from 48.5% to 79.8% for wake. Pollak et al. 3 reported results within this range. Their percent agreement results were 82.0% for nights, 98.6% for days, and 76.9% for 24-hour periods using logistic regression in a cross validation sample of 10 participants leaving 18.0%, 1.4%, and 23.1% agreement unaccounted for. This range of 2% to 23% error also falls within the acceptable errors associated with accepted medical, and the best intelligence, and personality tests. 6 It therefore follows that actigraphy is as valid a sleep-wake indicator as common medical tests are valid indicators of pathology and the best psychological tests are indicators of intelligence and personality.
SLEEP LOGS
It has long been known that sleep logs can overestimate sleep latency and severely underestimate total sleep time. [10] [11] [12] [13] [14] Some patients insist that they have not slept at all even after obtaining a full night's sleep as verified by PSG. 15 Sleep-state misperception is diagnosed when a complaint of excessive sleepiness or insomnia is accompanied by a normal PSG. 16 Discrepancies of this magnitude exceed the errors summarized above for psychological and medical tests and exceed the "errors" associated with actigraphy, yet sleep logs have not been "disqualified" as a sleep indicator, as actigraphy has been. 3 Arguably, the errors associated with actigraphy are not sufficiently large so as to preclude actigraphy from detecting differences between objective and subjective sleep that characterize the diagnosis of sleep-state misperception. The fact that sleep-state misperception can only be detected by comparing subjective and objective sleep indicators means that some objective method should always be used to supplement the subjective report, and PSG data are not always available.
THEORETIC CONTEXT
Actigraphy has been evaluated against a dichotomous sleep-versuswake distinction that PSG presumably measures without error. Hence, all actigraphy minus PSG discrepancies have been attributed to random measurement error associated with actigraphy. This inference is flawed in several ways discussed below: sleep onset is a gradual rather than a discrete process that entails a series of changes. Actigraphy and PSG key on different phases of the sleep-onset process, resulting in systematic rather than random differences. A sleep switch device can be used to reduce these systematic errors. Even if the conceptual issue is resolved to mean that sleep is, and only is, what PSG measures, the empirical fact remains that PSG sleep scoring is not perfectly reliable. The unreliability of stage 1 sleep scoring alone accounts for an important fraction of the differences between actigraphy and PSG. Actigraphy is a single-channel measurement system, whereas PSG is a multichannel measurement system. It is unlikely, even in principle, for a univariate system to fully duplicate a multivariate system unless the multivariate system is completely redundant, which PSG and actigraphy are not. By professional agreement, PSG is the only accepted means by which to diagnose various sleep disorders and therefore has value other than as a sleep-wake indicator. Behavior therapy for sleep disorders and large-scale studies of sleep in various populations require an inexpensive sleep-wake estimator for which wrist actigraphy, especially if augmented with the sleep switch device, 17 is a well-validated and reasonably economical method.
SLEEP-ONSET SPECTRUM
Previously reviewed empirical evidence 9 warrants Figure 1 , which presents a visual summary of 3 sleep-onset phases whose orderly sequence comprise the sleep-onset spectrum (SOS). The gaps between blocks show that not all sleep-onset events are represented. The ellipses (…) indicate that each phase is of variable width in time and duration for every person depending upon: (1) current life events-we all sleep better some nights than others; (2) developmental processes, frequently referred to as aging, that typically increase SOS duration, and (3) various diseases that can temporarily or chronically change, typically increase, SOS duration. On the contrary, PSG data are scored for wake, 4 stages of sleep, and rapid eye movements. Wake is contrasted with various degrees of sleep, implying that sleep-onset is a discrete process. This implication is supported by the fact that actigraphy is validated against PSG-based sleep-versus-wake distinctions without considering the SOS. The validity of such studies depends upon the validity of the discrete sleep-versus-wake dichotomy. The presumed upper limit of 100% agreement assumes that sleep is properly understood as distinct from wake and that both PSG and actigraphy can potentially identify both discrete states simultaneously. Otherwise, obtained results must be compared to a lower theoretic maximum agreement value. Ogilvie and Wilkinson 18 and Harsh and Ogilvie 19 describe sleep onset as a gradual process that entails a predictable progression of behavioral, physiologic, and psychological events. They use the term sleep-onset period. Tryon 9, 20 prefers the term SOS to emphasize the orderly sequence of events associated with sleep onset. Three major sleep-onset phases can be identified.
Phase 1: Quiescence and Immobility
Inactivity is necessarily the first sleep-onset phase. No organism goes to sleep before it becomes inactive. This SOS phase begins with inactivity. Actigraphy-identified sleep onset follows shortly, depending upon the sleep-scoring algorithm used. Good sleepers pass through this phase rapidly, thereby causing actigraphy to identify sleep onset nearer to where PSG identifies sleep onset. Poor sleepers move through this SOS phase slowly, allowing for a large temporal gap to arise between actigraphy-identified sleep onset and the beginning of SOS Phase 2.
Phase 2: Decreased Muscle Tone
The leading edge of SOS phase 2 entails muscle-tone decreases to a point where hand-held objects are dropped. [21] [22] [23] [24] [25] Dropping hand-held objects was the gold standard against which electroencephalogram (EEG) sleep stage 1 criteria were validated. 26 This behavioral correlate of PSG sleep onset must continue to be acknowledged as valid if PSG sleep-onset measures are to continue to be accepted. One cannot invalidate an important validation criterion without also invalidating that which the criterion supports. Sleep onset has more recently been studied using this criterion. Ogilvie and colleagues 27 used a hand-held "deadman" switch requiring 90 g of pressure to maintain closure to measure the drop point. Franklin 28 and Viens et al 29 described a similar apparatus suitable for home use. Hauri 17 evaluated an inexpensive commercially available sleep switch device (RMP, Inc., Boynton Beach, Fla) that was found to correlate (r 23 = .98, P < .001) in a sample of 19 insomnia patients and 6 normal sleepers with PSG-measured sleep onset. The arithmetic mean difference between sleep onset as defined by the sleep switch device and the first 10 minutes of solid sleep was -.8 minutes. The mean of the absolute differences, without regard to sign, was 5.1 minutes. The largest single deviation for any sleeper was 13.5 minutes. Use of the sleep switch device probably alters sleep-onset cognitions and therefore may change the sleep-onset process it intends to measure. However, the empirical results reported above, in conjunction with the fact that the sleep switch device simulates the dropping of hand-held objects-the gold standard against which PSG sleep-onset was validated-are reasons for continued clinical and research interest in it.
Phase 2: EEG Sleep Stage 1
The EEG changes that constitute the Rechtschaffen and Kales 4 sleeponset criteria occur soon after muscle tone has decreased and mark the second portion of this SOS phase, but some degree of consciousness (wake) remains. Ogilvie and Wilkinson, 30 while recording PSG data, instructed subjects to squeeze a hand-held microswitch when they heard a tone. Their results indicated that 99.3% of the tones were correctly responded to during EEG stage wake, 72.2% during stage 1 sleep, 24% during stage 2 sleep, and 5.3% during stage 3 sleep. That correct responding was not zero during stage 3 sleep questions the view that the measurement domain of PSG-defined sleep completely overlaps the conceptual domain of sleep.
Phase 3: Auditory Threshold Increase and Perceived Sleep Onset
Auditory threshold rises rapidly within 1 minute of the first EEG sleep spindle. 31 Increases in the auditory threshold take place mainly during EEG stage 2 sleep. 32 Subjects no longer respond to their name when it is spoken softly, to a light touch, or to normal external stimuli. 30, 33 Selfreported sleep onset, perceived sleep onset, appears to happen after increases in the auditory threshold occur. [32] [33] [34] [35] Espie and coworkers 36 found that self-reported sleep onset occurred concurrent with auditorythreshold increase. Lichstein et al's 37 may be the only study indicating that self-reported sleep onset happens before auditory-threshold increases occur.
SLEEP-ONSET SPECTRUM PHASE PRIVILEGE
It is arguably inappropriate to define sleep onset as a discrete event that occurs at a single point in time given that the evidence indicates that sleep onset is a gradual and continuous multivariate process that takes place over a half hour or more in poor sleepers. Selecting a single point to dichotomize wake from sleep is therefore an arbitrary choice.
Rechtschaffen 38 
ioral criteria, not from any intrinsic ontological or explanatory superiority." 38p5 He further concluded, "Any scientific definition of sleep that ignores the behaviors by which sleep is generally known unnecessarily violates common understanding and invites confusion." 38p4 Kleitman 39 cited a dozen studies showing discrepancies between behavioral and EEG sleep criteria and questioned using EEG as the sole basis for defining sleep. It remains an empirical question as to whether dichotomizing wake from sleep at the SOS point measured by actigraphy and at the point measured by PSG correlate comparably with clinical changes and outcomes and with other measures of interest.
ACTIGRAPHY VERSUS PSG DISCREPANCIES
Actigraphy is theoretically associated with SOS phase 1, whereas PSG is theoretically associated with SOS phase 2. Six studies confirm this phase difference by reporting that actigraph sleep-onset criteria are met prior to EEG stage 1 sleep criteria. [40] [41] [42] [43] [44] [45] The sleep-onset period is protracted in patients with insomnia. Hence, actigraphy sleep-onset times and PSG sleep-onset times should and do agree less well in patients with insomnia than in normal sleepers. For example, Hauri 17 reported average actigraphy sleep-onset time of 5.5 minutes (SD = 6.2 min) versus mean PSG sleep-onset time of 34.2 minutes (SD = 33.3 min) to the first 10 minutes of solid sleep in patients with insomnia. That actigraphy sleep onset systematically precedes PSG sleep onset demonstrates that it validly keys on an earlier SOS phase, and, hence, actigraphy minus PSG differences are not random measurement error. Nor can these differences be entirely ascribed to actigraphy, as will be shown.
Hauri 17 reported that the average sleep-onset time, as measured by sleep switch device, was 32.4 minutes (SD = 30.7 min). Hence, the sleep switch device can be used in conjunction with actigraphy to obtain sleeponset times that more closely correspond with PSG-measured sleeponset times. These differences of 34.2-5.5 = 28.7 minutes can be reduced down to 34.2-32.4 = 1.8 minutes. Hauri 17 also reported that sleep-onset times from the sleep switch device correlated (r 23 = .98, P < .001) with PSG-derived sleep-onset times in a sample of 19 insomnia patients and 6 normal sleepers.
Sleep-wake scoring-validity studies should include as much wake as sleep in order to avoid achieving close agreement between actigraphy and PSG on the basis of base rate alone. If only sleep is studied, then scoring all epochs sleep will artifactually produce high agreement. If only wake is studied, then scoring all epochs wake will also artifactually produce high agreement.
In principle, the pattern of transitions, both forward and backward through sleep-onset phases wake, 1, 2, 3, and sleep depicted in Figure 1 may account for most of the differences between actigraphy and PSG: (1) barring artifact such as, but not limited to, cosleeping with an active partner and/or sleeping in a waterbed where movements by the sleeper or cosleeper can reverberate, sleeping in a vibrating or rocking bed, and/or sleeping with one's wrist on his or her chest or abdomen, thereby picking up breathing artifact; (2) barring medication artifact such as, but not limited to, prescribed and/or illicit drugs or substances, alcohol, caffeine, and/or nicotine; and (3) barring artifact such as, but not limited to, diseases that produce involuntary movements including, but not limited to, restless legs syndrome and periodic limb movements disorder. For example, assuming that sleep is scored at fixed epochs, the following pattern, if frequently repeated, is likely to produce large differences in actigraphy and PSG: W…W, 1, 1, 1 ,…, 1, 1, 1, 2, 3, S, …, S, 3, 2, 1, 1,  1, …, 1, 1, 1, 2, 3 , S, …, S, where the ellipsis represent continuations of the indicated state. It is unlikely that long continuous periods of high activity will be scored as sleep by either method. It is also unlikely that long continuous periods of deep sleep will be scored as wake by either method. Hence, actigraphy can consistently distinguish sleep from wake in the extreme, contrary to the conclusion by Pollak et al. 3 of active wake and deep sleep provide a greater challenge. Shorter periods of rest and light sleep constitute the greatest challenge because they may entail the SOS. Most discrepancies between actigraphy and PSG derive from traversing the SOS in both directions because they key on different SOS phases. The SOS seems to be traversed less rapidly from wake to sleep than from sleep to wake, thereby providing more opportunity for disagreement.
The SOS also informs our understanding of deviations between actigraphy and sleep logs and between PSG and sleep log in that perceived sleep onset may be caused by an increase in the auditory threshold. How else is a person to detect sleep onset with their eyes shut? That auditorythreshold increases occur after PSG sleep onset, which occurs after actigraphy sleep onset, requires discrepancies between actigraphy and the sleep log to be larger than between PSG and the sleep log. One factor that moderates this relationship is the extent to which memory forms for wake as the sleeper moves from SOS phase 3 toward wake and the extent to which memory forms regarding the frequency and duration of sleep-onset and sleep-offset events. Behavior observers typically record what they see soon after the event occurs while they are awake and attentive to minimize memory factors. Sleepers must necessarily recall events that took place hours ago when they were losing consciousness or may have been only partly conscious, depending upon how far back through the SOS they came. Another moderating factor is the extent to which the person is motivated to record all that can be recalled. This includes regularly completing the sleep log immediately upon awakening and spending sufficient time to obtain maximum recall.
RELIABILITY OF PSG
Actigraphy cannot be expected to agree more completely with PSG than PSG does with itself. Scoring of PSG sleep is conducted by human raters trained to implement Rechtschaffen and Kales's 4 criteria. Automatic sleep stagers are available but are not yet as good as hand scoring. 46 Interrater PSG sleep-scoring agreement values range from 80% to 98%. 18 Whereas the reliability of scoring stage 2 sleep is approximately 90%, 47p62 the reliability of scoring stage 1 sleep can be as low as 60%. Hence, up to 40% of EEG stage 1 scoring, and therefore sleepwake scoring, and differences between PSG and actigraphy can be attributed to the unreliability of the scoring of stage 1 sleep. This 40% difference frequently equals or exceeds all of the sleep-onset differences between actigraphy and PSG.
REQUIRED AGREEMENT
The minimum degree of agreement between actigraphy or any other putative sleep measure, including sleep logs, and PSG in order to be considered valid and/or useful has not yet been determined. This minimum level may well vary depending upon the intended application. For example, a lower minimum level of agreement may be appropriate for screening purposes in a research context versus assessment in a clinical context. Should actigraphy be required to demonstrate agreement with criterion measures that exceed requirements for common medical tests and the best psychological tests? If so, then these reasons should be provided in future validation studies.
CHANGES BEFORE AND AFTER TREATMENT
It has been noted 2,48 that even if systematic deviations between actigraphy and PSG are considered errors, actigraphy can possibly accurately track clinical change over time, such as response to sleep-hygiene instruction. A study by Coffield and Tryon 49 reported that wrist actigraphy was able to track sleep improvement in successfully treated, verified by psychometric testing, hospitalized patients and was also able to detect residual sleep problems at discharge.
The comparative ability of PSG and actigraphy to track clinical change has not been investigated but bears directly on the clinical and research validity and utility of actigraphy. Simultaneous PSG and actigraphy data have not been systematically compared in patients whose sleep is expected to change over time. It would be informative to evaluate the extent to which correlations between actigraphy and PSG in both clinical and control subjects are equal to PSG test-retest correlations in control subjects. Put otherwise, to what degree is the difference (error) between actigraphy and PSG equal to PSG test-retest difference (reliability) in control subjects?
LIMITATIONS
It is important to note that actigraphy is not a unitary methodology. Multiple vendors offer a range of actigraphs with different operating characteristics. The present variability in actigraph hardware probably exceeds the variability of contemporary polygraphs. Actigraph vendors provide a variety of sleep-scoring software; some score sleep in a single pass, whereas others use rescoring rules. It is important to note that current data constitute lower-bound estimates to the degree that these differences augment error variance. This variability may be reduced through standardization, thereby possibly reducing discrepancies between actigraphy and PSG below current levels. Some sleep-scoring software is better validated against PSG than are others. On the contrary, PSG sleep-scoring rules have been standardized. 4 Polysomnography is frequently conducted with a technician or observer present who can verify the conditions under which data are obtained. Home PSG shares with actigraphy the need for participants to keep logs regarding the conditions under which data are recorded.
The limitations discussed above and throughout this article impact our ability to use actigraphy clinically. It is presently unknown to what extent "mistakes" are made using actigraphy when considering PSG as the errorless standard. One can construct a variety of scenarios depending upon how frequently and how completely one moves back and forth across the SOS for each night data are recorded, which can range from a few days to multiple weeks in the case of actigraphy. Given that all possibilities have some probability of occurrence, this issue reduces to a question of what these probabilities are and an informed answer requires further empirical research.
Visual inspection of actigraphy records over 7 to 14 nights may be sufficient to objectively confirm patient complaints of disrupted sleep if sleep is seriously disturbed. It remains an open empirical question as to how slight a sleep disturbance actigraphy can detect, and that partly depends upon how many nights of data one collects. A small disturbance that consistently repeats for 14 consecutive nights is more likely to be noticed than if such a sleep disturbance were limited to 1 or 2 nights. Early PSG researchers recommended averaging results over 3 to 5 nights, but current practice more generally involves 2 to 3 nights. Measurement reliability is known to be a function of test length, with longer tests being more reliable. The Standards of Practice Committee noted in conjunction with repeated measurements that "Even if absolute values of actigraphy such as sleep efficiency and total sleep time are imprecise, trends may be accurately reflected." 2p286 The ability of actigraphy to conveniently extend over multiple nights is a methodologic asset that should be fully exploited whenever possible. Hence, the most comprehensive test of the clinical utility of actigraphy will compare extended actigraphy against standard sleep-laboratory evaluation. Polysomnography may also be extended through home assessment, but the primary comparison is with standard PSG sleep-laboratory evaluation, as professionals are currently comfortable with this method. These and related limitations of actigraphy are discussed elsewhere. [50] [51] [52] Existing actigraph sleep-scoring algorithms use multivariate statistics based on the general linear model. It is possible that connectionist neural-network pattern-recognition scoring systems that implement nonlinear multivariate statistics might be more effective. They could be trained by examining activity recordings during windows centered on PSGdetected transitions from wake to sleep and sleep to wake in many good and poor sleepers examined over multiple nights.
Actigraphy is a single-channel measurement system, whereas PSG is a multichannel measurement system. A univariate system can only fully duplicate a multivariate system when all multivariate channels are completely redundant. Polysomnography and actigraphy are not entirely redundant, and therefore it is unreasonable to expect actigraphy to completely duplicate PSG results. Studies published to date have compared agreement between actigraphy and PSG statistics to 100% and therefore have incorrectly presumed that complete agreement is at least theoretically possible. Some lesser upper theoretic limit is arguably more appropriate.
ASSESSMENT AND SCREENING
One of the reviewers posed the following question: "What do we do with measures that are more "accurate" for some types of sleep-disordered patients than others when the purpose is to assess (screen) whether they are patients or not and what kind of disorder they might have?" The same reviewer then made the following statement: "If the correspondence between actual sleep and actigraph-estimated sleep systematically varies as a function of group membership, we are in a deep hole. This is particularly apparent for insomniac patients but is also the case for any type of patient with disrupted sleep or movement disorders during sleep. This systematic variability (between actigraphy and PSG) limits the usefulness of actigraphy for research studies aimed at comparing measures between some groups or for clinical studies aimed at screening some patients." The main concern here is that the systematic differences between actigraphy and PSG are not constant but may vary as a function of sleep and movement disorders and that the degree of difference ranges from small in the case of normal sleepers to large in some clinical cases. This problem is particularly acute when comparing means of a group with an unspecified sleep disorder and normal controls asking the question: "What type of sleep disorder is present?" The fact that the difference between actigraphy and PSG could be large, medium, or small confounds interpretations based on observed differences between means. This certainly is a "deep hole" and should therefore be avoided by not attempting to make such inferences.
An alternative approach is to make clinical and/or research decisions on a case-by-case basis. Table 2 specifies the 4 comparative decisions that would arise if a screening or comparative assessment study were conducted using both actigraphy and PSG. Normal sleepers, Cell A, constitute the largest fraction of participants in screening studies, and their actigraphy data contain the least error. Existing data indicate that actigraphy and PSG agree quite well for normal sleepers, which means that consistent decisions will likely be made for persons without sleep disorders. By inference, all other participants are judged to have some form of sleep disorder, the specifics of which are to be decided on the basis of subsequent testing. This approach to screening capitalizes on the issue of variable actigraphy-PSG differences by identifying good sleepers where agreement between actigraphy and PSG is high.
The main concern expressed by the reviewer pertains to Cell D, where a question is raised as to how frequently actigraphy and PSG can agree regarding sleep disorders, given the systematic but variable actigraphy-PSG difference. Table 3 considers the relevance of actigraphy to the sleep disorders for which it is most appropriate. The entries in the righthand column describe how actigraphy informs the diagnosis of each sleep disorder. Six observations about this table are noteworthy. First, 15 sleep disorders are involved, which documents a wide range of applicability. Second, all of the figures presented by Mistlberger and Rusak 53 in their chapter on circadian rhythms in mammals are of activity level, which means that actigraphy is especially suited for assessing circadianrhythm disorders in people when actigraphs are worn 24 hours per day for 1, 2, or more weeks. Ancoli-Israel et al 54 reported severe fragmentation of circadian rhythms in nursing home residents. Gruen 55 used actigraphy to track circadian changes during a westerly trip around the world. Findings based on PSG, if any, are absent from the Mistlberger and Rusak 53 chapter, making actigraphy-PSG discrepancies moot. Third, Hauri's 17 sleep switch can substantially reduce the discrepancies between actigraphy and PSG. Fourth, PSG utilizes multichannel assessment, and it may be necessary to use more than 1 channel of actigraphy to reach correct decisions. Ankle actigraphy may be a useful supplement to wrist actigraphy to independently identify periodic leg movements during sleep. Abdominal actigraphy may be a useful adjunct to wrist actigraphy to independently identify violent incidents of respiration associated with the termination of sleep apnea. Fifth, extrinsic sleep disorders rely on information that neither PSG nor actigraphy can provide, thus rendering actigraphy-PSG differences moot for diagnosing these sleep disorders. This observation argues against the type of blind between-group comparisons found problematic above and raises the necessity of querying people regarding activities of daily living and obtaining sleep-diary information. Sixth, none of the test results indicated in Table 3 are necessarily negated by the fact that actigraphy-PSG differences vary across sleep disorders. In sum, Table 3 identifies contributions that actigraphy can make to 15 sleep disorders. This information appears relevant to screening and assessment purposes. These contributions are not compromised by systematic variation in actigraphy and PSG across sleep disorders.
HOW ACCURATE DO YOU NEED TO BE?
Highly accurate assessment procedures are frequently also the most expensive procedures. Less-accurate assessment procedures are more cost effective and may be preferred, depending upon the cost of making various screening errors. A cost-benefit analysis could result in choosing a somewhat less accurate but far less expensive method. The human cost of making decision errors must also be considered when determining what level of accuracy is required in a particular situation.
Systematic Versus Random Error
Systematic variation is more tractable than is random variation because the direction of bias is known. Variation in the degree of difference is less problematic when the sign of the difference remains constant than when it varies randomly. Knowing that actigraphy always identifies sleep onset before PSG means that actigraphy underestimates sleeponset latency and overestimates total sleep time and, therefore, percentage of sleep and sleep efficiency. This means that actigraphic measures establish upper bounds to sleep-onset latency and lower bounds to total sleep time, percentage sleep, and sleep efficiency. It is possible to effectively reason within these limits.
Knowing that movement disorders can produce actigraphic data that will be scored wake while corresponding PSG data are scored sleep means that actigraphy underestimates total sleep time and, therefore, percentage of sleep and sleep efficiency. Hence, movement disorders partially reduce the overestimates of these sleep variables noted above. The possibility that movement disorders could potentially "correct" actigraphy records from insomniacs is problematic. One possible solution is to supplement wrist actigraphy with ankle actigraphy to independently determine leg movements as noted above.
Artifact
The relationship between inactivity and sleep and the ability to infer sleep from inactivity is threatened by at least the following measurement artifacts: (1) sleeping with an active bed partner, (2) sleeping in a waterbed or rocking or vibrating bed, (3) sleeping with his or her wrist on the chest or abdomen, (4) having a concurrent movement disorder that does not consistently wake the person, (5) ingesting medications that produce movement but do not wake the person, and (6) lying very still while awake for extended periods of time. Minimizing or eliminating these artifacts increases the probability of a correct inference. These artifacts impair inference more than the fact that systematic actigraphy-PSG differences vary across sleep disorders. sleep laboratories and not to the home environment, then it would provide little useful information for either scientific or clinical purposes. External validity and generalizability are 2 terms psychologists use when discussing the applicability of psychological test data, and these concepts pertain to this discussion. External validity must be demonstrated rather than presumed. While PSG is sometimes conducted in the home, the extent to which this assessment procedure is reactive and alters the behavior being assessed is not known because there is no way to know how the person sleeps, in terms of PSG criteria, without using PSG methods. The necessary electrodes and associated equipment needed to conduct PSG may alter sleep in unknown ways. Part of the differences between actigraphy and PSG may be traceable to different methodologies. Actigraphy is less invasive and can be continued for a longer time, which means that people can get used to wearing actigraphs, especially if they are wearing them 24 hours per day.
GENERALIZABILITY
While collecting data under laboratory conditions in the presence of a technician who can vouch for the conditions under which data were collected is important in order to validate data-collection procedures, the presence of a third party may modify the sleep environment in important ways that do not generalize to when the person sleeps without the technician and without electrodes and with their bed partner in their own bed. Unattended home PSG suffers from the same uncontrolled assessment problems, as does unattended home actigraphy.
Is Variability Diagnostic?
Polysomnography is frequently conducted over 3 nights with the first night's results discarded. Variability in sleep measures is therefore reduced to a single difference based on the 2 remaining nights. Actigraphy can be conducted for extended time periods, and therefore many more differences can be calculated. Three types of variability can be calculated. The first type of variability is the standard practice of summing the squared deviations of scores about the mean and dividing by N-1 observations to calculate variance and perhaps taking the square root to calculate the standard deviation. The second type of variability entails calculating and squaring differences across consecutive nights. One week of actigraphy, 7 nights, yields 6 consecutive differences. Two weeks of actigraphy, 14 nights, yields 13 consecutive differences. The third type of variability entails calculating and squaring all possible differences between nights resulting in N (N-1) / 2 independent differences. One week of actigraphy provides 21 such differences. Two weeks of actigraphy provides 91 such differences. Perhaps some sleep disorders leave, and can be identified by, a variability signature. If so, then this approach may provide an end run around the problem that actigraphy-PSG differences vary across sleep disorders.
Empirical support for the utility of assessing sleep stability is provided by Gruber et al, 56 who obtained actigraphically measured sleep variables over 5 consecutive school nights in 38 boys with attentiondeficit/hyperactivity disorder, aged 6 to 14 years, and 64 control boys, where morning rising time was determined by the time school started. Results of multivariate analysis of covariance and univariate analyses of means failed to find significant differences regarding sleep-onset time, sleep duration, true sleep (sleep time excluding periods of wake), sleep percentage, night wakings, and the longest sleep period. However, multivariate analysis of covariance on the standard deviations of sleep measures yielded significant group differences (F = 4.87, P < .0001). Subsequent univariate analyses revealed that variability in sleep duration (F = 27.77, P < .0001) and variability in true sleep (F = 27.15, P < .0001) significantly differentiated the 2 groups. Neither analysis of mean subjective sleep measures or their standard deviations yielded statistically significant results. The authors concluded that instability of the sleepwake system might be characteristic of children with attentiondeficit/hyperactivity disorder. Actigraphy enables investigators to further empirically examine this possibility, as self-report measures seem insensitive to such variability.
CONCLUSIONS
The following conclusions can be reached: (1) Validity coefficients published to date, including those by Pollak et al, 3 exceed the validity coefficients associated with common medical tests and the best psychological tests. (2) If there are reasons why actigraphy should be held to a substantially higher empirical standard than are common medical tests and the best psychological tests, these reasons have yet to be advanced. (3) Differences between actigraphy and PSG are not random. (3a) Sleep onset is a gradual rather than a discrete process. Available evidence indicates that actigraphy keys on an earlier phase of the sleep-onset process than PSG does. The resulting differences between actigraphy and PSG are therefore systematic rather than random. (3b) A sleep switch device 17 can be used to supplement actigraphy to substantially reduce differences in the sleep onset measured by actigraphy and PSG. (3c) The reliability of human PSG-derived sleep scoring is not perfect, especially for stage 1 sleep. The residual unreliability of PSG data explains a portion of the differences between actigraphy and PSG. Future validation studies of actigraphy should report the reliability of PSG sleep-wake determinations by rescoring all PSG records a second time by a second technician who is blind to the results of the first technician. Actigraphy cannot be expected to agree more completely with PSG than PSG does with itself.
(4) Complete concordance between actigraphy and PSG has been presumed by investigators who compare actigraphy-PSG agreement statistics to 100%, but such a limit is theoretically possible only when all channels of the multichannel measurement system (PSG) are completely redundant with each other and completely redundant with the singlechannel measurement system (actigraphy). Such a claim has not been made and should not be presumed. The theoretic upper limit of actigraphy-PSG agreement is therefore less than 100% (by an unknown amount) on this basis alone. Future research should estimate the maximum degree of agreement based upon the different numbers of measurement channels used. (5) Conclusions that actigraphy is not an accurate sleep-wake indicator and that it is inappropriate to infer sleep from actigraphy data conflict with empirical data to the contrary. Conclusions reached by the Standards of Practice Committee remain supported, including their caveats.
